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STARCH-EXCESS4 Is a Laforin-Like Phosphoglucan
Phosphatase Required for Starch Degradation in
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Starch is the major storage carbohydrate in plants. It is comprised of glucans that form semicrystalline granules. Glucan
phosphorylation is a prerequisite for normal starch breakdown, but phosphoglucan metabolism is not understood. A
putative protein phosphatase encoded at the Starch Excess 4 (SEX4) locus of Arabidopsis thaliana was recently shown to be
required for normal starch breakdown. Here, we show that SEX4 is a phosphoglucan phosphatase in vivo and define its role
within the starch degradation pathway. SEX4 dephosphorylates both the starch granule surface and soluble phosphoglu-
cans in vitro, and sex4 null mutants accumulate phosphorylated intermediates of starch breakdown. These compounds are
linear «-1,4-glucans esterified with one or two phosphate groups. They are released from starch granules by the glucan
hydrolases a-amylase and isoamylase. In vitro experiments show that the rate of starch granule degradation is increased
upon simultaneous phosphorylation and dephosphorylation of starch. We propose that glucan phosphorylating enzymes
and phosphoglucan phosphatases work in synergy with glucan hydrolases to mediate efficient starch catabolism.

INTRODUCTION

Starch in plants and glycogen in animals represent the major
storage carbohydrates of these organisms. In both polymers,
glucose residues are linked by «-1,4-glycosidic bonds and
branched via a-1,6-glycosidic linkages. Branching in amylopec-
tin, the major component of starch, is nonrandom and results in
clusters of chains at regular intervals along the axis of the
molecule. Within the clusters, adjacent chains form double
helices, which organize into lamellae. The alternation of these
crystalline lamellae with amorphous lamellae containing the
branch points accounts for the insoluble semicrystalline nature
of starch granules (Smith et al., 2005; Zeeman et al., 2007).
Glycogen has twice as many branch points as amylopectin and a
branch point distribution that does not result in cluster formation.
Consequently, glycogen does not form the same secondary
structures as amylopectin and is soluble. Both glycogen and
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starch also contain significant amounts of covalently linked
phosphate, the significance of which has only recently become
apparent (for review, see Blennow et al., 2002).

Transitory starch is a major product of photosynthetic carbon
fixation of lower and higher plants. It accumulates inside leaf cell
chloroplasts during the day and is hydrolyzed to maltose and
glucose to support sucrose synthesis and sustain cell metabo-
lism during the following night (Smith et al., 2005; Messerli et al.,
2007). How starch degrading enzymes manage to act on the
semicrystalline surface of a starch granule at night is not yet fully
understood, but it seems likely that phosphorylation of amylo-
pectin plays a crucial role in the initial attack at the granule
(Lorberth et al., 1998; Blennow et al., 2002; Zeeman et al., 2004;
Lloyd et al., 2005). Two starch phosphorylating enzymes are
known in plants: glucan, water dikinase (GWD) and phospho-
glucan, water dikinase (PWD) (Lorberth et al., 1998; Yu et al.,
2001; Ritte et al., 2002; Baunsgaard et al., 2005; Koétting et al.,
2005). Both enzymes catalyze the transfer of the 3-phosphate of
ATP to a glucosyl residue of amylopectin (Ritte et al., 2002;
Baunsgaard et al., 2005; Kétting et al., 2005). GWD exclusively
phosphorylates the C-6 positions of glucosyl residues, whereas
PWD phosphorylates the C-3 positions (Ritte et al., 2006). Starch
from Arabidopsis thaliana gwd null mutants is essentially phos-
phate-free, whereas pwd starch is only phosphorylated at C-6
positions (Ritte et al., 2006). Using crystalline maltodextrins,
evidence has been presented that the phosphorylation of insol-
uble glucans favors their solubilization (Hejazi et al., 2008).



Therefore, it is likely that the charged and hydrophilic phosphate
groups disturb the tight packing of the semicrystalline lamellae at
the starch granule surface by partially unwinding the amylopectin
double helices, thereby rendering them accessible for degrading
enzymes (Yu et al., 2001; Kétting et al., 2005; Edner et al., 2007;
Hejazi et al., 2008). Glucan hydrolyzing enzymes, including
exoamylases (B-amylase), endoamylases (x-amylase), and de-
branching enzymes (isoamylase and limit dextrinase), are in-
volved in the subsequent degradation of starch (for review, see
Zeeman et al., 2007). The net products of the pathway (i.e.,
maltose and glucose) are exported from the chloroplast for
metabolism in the cytosol. However, the fate of phosphoglucans
during starch degradation in the chloroplasts is not yet under-
stood.

Recently, a chloroplastic glucan binding phosphatase was
described that is required for normal starch degradation in
Arabidopsis (Niittyla et al., 2006). The enzyme is encoded at
the Starch Excess 4 (SEX4; At3g52180) locus (also designated as
PTPKIS1 and DSP4) (Fordham-Skelton et al., 2002; Kerk et al.,
2006; Niittyla et al., 2006; Sokolov et al., 2006). Like gwd and pwd
mutants, Arabidopsis mutants lacking the SEX4 protein are
impaired in starch degradation during the night (Zeeman et al.,
1998), leading to a progressive accumulation of starch as the
leaves age (Zeeman and ap Rees, 1999). The SEX4 protein
contains a dual-specificity phosphatase domain and a carbo-
hydrate binding module. Members of the dual-specificity phos-
phatase family have been shown to act on substrates as
diverse as phosphoinositides, mRNA, and phosphoproteins,
including phosphorylated protein kinases involved in signaling
pathways (Luan, 2003; Alonso et al., 2004; Pulido and Hooft
van Huijsduijnen, 2008). It was proposed that SEX4 might
dephosphorylate such a kinase, which would in turn modulate
the activity of starch degrading enzymes (Kerk et al., 2006;
Niittyla et al., 2006).

Remarkably, the most closely related protein to SEX4 outside
the kingdom Plantae is laforin, a phosphatase required for normal
glycogen metabolism in vertebrates. Recessive mutations in the
laforin gene (EPM2A) are one of the molecular reasons for Lafora
disease (#OMIM 254780), an autosomal recessive neurodegen-
erative disorder resulting in severe epilepsy and death (Lafora
and Gliick, 1911; Minassian et al., 1998; Serratosa et al., 1999).
The tissues of Lafora disease patients contain Lafora bodies
(LBs), consisting of an aberrant and insoluble form of glycogen
(Lafora and Gliick, 1911; Harriman et al., 1955; Serratosa et al.,
1995). Interestingly, LB structure appears to be more similar to
amylopectin than to glycogen (Yokoi et al., 1967, 1968; Sakai
et al., 1970).

Laforin is widely believed to be a phosphoprotein phosphatase
involved in the regulation of glycogen-related enzymes (Liu et al.,
2008; Singh et al., 2008; Solaz-Fuster et al., 2008). However, two
recent studies showed that laforin is able to dephosphorylate
solubilized amylopectin or glycogen in vitro and proposed that
laforin is in fact a glucan phosphatase (Worby et al., 2006; Gentry
et al., 2007). This is consistent with early studies showing that
LBs contain significant amounts of phosphate (Schnabel and
Seitelberger, 1968; Sakai et al., 1970) and the recent demon-
stration that the glycogen-bound phosphate is increased by up
to fourfold in laforin-deficient mice (Tagliabracci et al., 2007).
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Gentry et al. (2007) suggested that SEX4 and laforin are
functionally equivalent. Our work now provides direct evidence
that SEX4 is a phosphoglucan phosphatase in vivo, and we
propose a physiological role for SEX4 in the starch degradation
pathway.

RESULTS

Recombinant SEX4 Can Dephosphorylate the Starch
Granule Surface

We tested the phosphatase activity of a recombinant SEX4
enzyme preparation using intact starch granules from Arabidop-
sis leaves as substrate that were prephosphorylated in vitro by
recombinant GWD and [B-33PJATP (see Methods). Phosphate
incorporation into starch by GWD was 17.3 pmol per mol Glc
equivalents (i.e., 1 phosphate per 58,000 glucosyl residues).
Although much lower than the level of phosphate in wild-type
Arabidopsis starch (—~1 in 2000 glucosyl residues) (Yu et al.,
2001), the phosphate of in vitro—phosphorylated starch is located
only on the surface of the granule and may thus be close to
physiological levels in this location. SEX4 protein was able to
release a radioactive product from the granules with a specific
activity of up to 5.6 = 0.5 nmol mg~" protein min—' (mean = SE,
n = 3; Figure 1A). The specific phosphatase activity increased
linearly with the amount of starch granules added to the assay.
The radioactive product released by SEX4 was shown to be 33P-
orthophosphate by thin layer chromatography followed by au-
toradiography (Figure 1B). The catalytically inactive protein SEX4
C/S, which has a single amino acid exchange in the active site
(Gentry et al., 2007), could not release significant amounts of
phosphate from the granule surface (Figure 1A). These results
are consistent with initial results using solubilized amylopectin in
vitro (Gentry et al., 2007).

To determine if SEX4 contributes significantly to phosphate
release from granules in vivo, we incubated 33P-labeled granules
with leaf extracts of sex4 mutants and the wild type. The amount
of 3P released by sex4 extracts was 61% lower than that by wild-
type extracts (Figure 1C), indicating that SEX4 represents the
major starch phosphatase activity in Arabidopsis leaves. Again,
the released radioactivity was shown to be 33P-orthophosphate
by thin layer chromatography (Figure 1B).

The sex4 Mutant Contains Elevated Levels
of Phospho-Oligosaccharides

We analyzed whether loss of SEX4 resulted in an increased
phosphate content of starch granules in vivo. In fact, the phos-
phate content of isolated sex4 starch was 31% lower than that of
wild-type starch (Table 1). Zeeman et al. (2002b) showed that leaf
starch from sex4 mutants has more amylose than wild-type
starch, and it is known that phosphate is exclusively esterified to
the glucosyl units of amylopectin (Blennow et al., 2002). There-
fore, we measured the amylopectin content of the wild-type and
sex4 starch preparations used for the phosphate determinations.
Indeed, the amylopectin content of sex4 starch was lower (65%)
than that of wild-type starch (92%; Table 1). Normalizing the data
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Figure 1. SEX4 Dephosphorylates the Starch Granule Surface.

(A) Specific activities of recombinant SEX4 (black circles; 0.5 wg mL~") and the active site mutant SEX4 C/S (gray circle; 0.5 pg mL~") incubated with
different amounts of native starch granules that had been prephosphorylated in vitro by recombinant GWD and [3-33P]ATP as phosphate donor. Activity
was measured as the release of 33P from the granules into the supernatant. Values are means *+ Sg; n = 3 independent experiments.

(B) Thin layer chromatography of the products released from 33P-labeled starch granules by recombinant SEX4 protein (as in [A]) and leaf extracts of
wild-type and sex4 plants (as in [C]). Two microliters of each were analyzed as described (Hejazi et al., 2008). Arrows indicate start, front, and the
position of orthophosphate. 1, recombinant SEX4; 2, medium control; 3, wild-type extract; 4, sex4 extract; 5, hydrolyzed [B-33P]ATP. All samples were

analyzed on the same plate.

(C) Quantification of released 3P from in vitro prephosphorylated starch granules (as in [A]) by crude extracts from leaves of wild-type and sex4 plants
(0.22 mg total protein mL—"). Values are means =+ SE; n = 5 independent experiments.

for equal amylopectin levels as shown in Table 1 revealed that
amylopectin-bound phosphate is not significantly changed in
sex4 compared with the wild type.

Subsequently, we determined whether leaves from wild-type
or sex4 mutant plants contain different amounts or types of
soluble phosphoglucans. To achieve this, analyses were per-
formed using high-performance anion-exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD). Our
sample preparation for the HPAEC-PAD analysis of neutral
oligosaccharides involves a purification step that would also
remove phosphorylated compounds (see Methods). Therefore,
we pretreated aliquots of the extracts with a phosphatase
(Antarctic Phosphatase; New England Biolabs) prior to purifica-
tion and HPAEC-PAD analysis. Untreated samples from both
lines contained glucose and maltose and trace amounts of longer
oligosaccharides. For wild-type plants, no additional peaks were
detected in chromatograms of extracts after the phosphatase
treatment (Figure 2A), indicating that phospho-oligosaccharides
are either absent or below the detection limit. By contrast,
following phosphatase treatment, the HPAEC-PAD chromato-
grams of sex4 extracts contained many new peaks (Figure 2A).
The same result was obtained when recombinant SEX4 protein
was used instead of Antarctic Phosphatase (see Supplemental
Figure 1 online). Incubation of phosphatase-treated sex4 ex-
tracts with barley (Hordeum vulgare) B-amylase completely
converted the compounds in the new peaks to maltose and
maltotriose, indicating that they are linear malto-oligosaccha-
rides (see Supplemental Figure 2 online). Comparison with
external linear malto-oligosaccharide standards revealed that
the degree of polymerization (DP) of the detected malto-oligo-
saccharides ranged from 4 to 20. However, the majority of malto-
oligosaccharides had a DP of six or seven (Figure 2A).

To confirm the presence of phospho-oligosaccharides, we
separated neutral and phosphorylated glucans from sex4 leaf
extracts on a preparative scale (see Methods). Subsequent mass

spectrometry (MS) analysis of the phosphorylated compounds
revealed masses corresponding to phospho-oligosaccharides
with DP 5 to 9, esterified with one or two phosphate groups
(Figure 2B). To determine the position of the phosphates in the
phospho-oligosaccharides, we incubated extracts of sex4
leaves with barley B-amylase prior to phosphatase treatment
and HPAEC-PAD analysis. No maltose release was detectable
(see Supplemental Figure 2 online), indicating that the phosphate
is located close to the nonreducing end of the phospho-oligo-
saccharides, since B-amylase releases maltose from the nonre-
ducing end of maltodextrins but is blocked by phosphate esters
in the vicinity of the target glucosidic bond (Takeda and Hizukuri,
1981). To quantify the phosphate present in phospho-oligosac-
charides in sex4 mutants, we measured the oligosaccharides
detected by HPAEC-PAD by comparing them with external
standards of glucose, maltose, and linear malto-oligosaccha-
rides of DP 3 to 7, as described in Methods (Figure 2A). Based on
the assumption that each oligosaccharide is singly phosphor-
ylated, the total glucan-bound phosphate (i.e., the sum of the
phosphate content of starch and phospho-oligosaccharides)
was more than six times higher in sex4 than in the wild type at the
end of the day (Table 1). The amount of phosphate present in the
phospho-oligosaccharide pool of sex4 was more than three
times larger than that in starch (Table 1). Given that we were able
to detect doubly phosphorylated oligosaccharides (Figure 2B),
these are likely to be slight underestimates of the total glucan-
bound phosphate in sex4. Together, these data provide direct
evidence that SEX4 is a phosphoglucan phosphatase in vivo.

Phospho-Oligosaccharides in sex4 Are Produced during
Starch Degradation and Accumulate as the Leaves Age

The phospho-oligosaccharide content of sex4 leaves increased
by 40% during the night when starch was broken down and
decreased during the day when starch synthesis occurred
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Table 1. Glucan-Bound Phosphate Content Is Higher in the sex4 Mutant Than in Wild-Type Plants

Glucan-Bound Phosphate

(nmol P wmol—" Glc Equivalents) (nmol P g—' FW)

Starch Amylopectin Starch Phospho-Oligosaccharides Total
Wild type 1.3 = 0.1 1.5 = 0.1 89.4 = 8.3 ND 89.4 = 8.3
sex4 0.9 £ 0.0 1.4 = 0.1 134.7 = 5.6 452.2 + 82.5 586.9 + 109.8

Arabidopsis wild-type and sex4 mutant plants were harvested at the end of the light period. Leaf starch was purified, and the amylopectin content was
determined to be 91.8% = 0.1% and 65.2% = 1.1% for wild-type and sex4 starch, respectively (mean = SE; n = 3). Starch-bound phosphate from the
same starch preparation was determined. Quantification of starch and phospho-oligosaccharides on a fresh weight (FW) basis was done with a
different batch of plants as described (see Methods; plants harvested at the end of the light period). Values represent the mean *+ St (n = 5 individual
plants). Note that the phosphate content of phospho-oligosaccharides is slightly underestimated because it was assumed that each phospho-
oligosaccharide is only singly phosphorylated. ND, not detectable.

(Figure 3A). Since the starch excess phenotype of sex4 mutants
develops progressively as the leaves age (Zeeman and ap Rees,
1999), we investigated whether phospho-oligosaccharide levels
also increase with leaf age (Figure 3B). Indeed, the phospho-
oligosaccharide content was significantly higher in old sex4
leaves compared with young leaves (P = 0.0007; Figure 3B).
Neither the diurnal changes nor the changes with age were
accompanied by significant changes in the phospho-oligosac-

charide chain length distribution. No phospho-oligosaccharides
were detected in wild-type leaves.

Recently, it was shown that the starch excess phenotype of
sex4 plants could be complemented in stably transformed sex4
plants expressing the SEX4 cDNA (Niittyla et al., 2006; Gentry
et al., 2007). We determined the starch and phospho-oligosac-
charide contents in two independent lines from one of the
previous studies (Gentry et al., 2007). Expression of the SEX4
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Figure 2. Phospho-Oligosaccharides Accumulate in Mutants Lacking SEX4.

(A) HPAEC-PAD analysis of wild-type and sex4 extracts. Leaves were harvested at the end of the night and extracted in perchloric acid. Prior to
purification by ion-exchange chromatography, neutralized extracts were treated with (+) or without (—) Antarctic Phosphatase and subsequently
subjected to HPAEC-PAD analysis. One representative chromatogram each is shown (n = 5 individual plants). Numbers above the panel indicate the DP
of the detected glucan chains. Essentially the same result was obtained when performing the phosphatase treatment with recombinant SEX4 instead of
Antarctic Phosphatase (see Supplemental Figure 1 online).

(B) MS analysis of phospho-oligosaccharides enriched from sex4 extracts. Whole rosettes of sex4 plants were extracted in hot ethanol. Phospho-
oligosaccharides were enriched on a Carbograph column and subjected to MS analysis. The mass-to-charge (m/z) values obtained reflect the
theoretical masses of phospho-oligosaccharides with a DP of 5 to 9 glucose units, comprising one (1P) or two (2P) phosphate groups. Analytes were
recovered as monosodium (Na*) or monoprotonated (H*) adduct ions. No phospho-oligosaccharides could be detected in wild-type extracts.
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Figure 3. Phospho-Oligosaccharides in sex4 Are Produced at Night and Accumulate during Development.

(A) Phospho-oligosaccharides (open symbols, right scale) and starch (closed symbols, left scale) levels of sex4 (triangles) and wild-type (squares) plants
were determined at different times during the diurnal cycle. Values are means * SE; n = 5 individual plants. Error bars not visible are smaller than the
symbols. Values for 0 h are replotted from the 24 h time point and so do not represent actual values; indicated by the dashed lines. FW, fresh weight.
(B) Whole rosettes comprising 18 to 24 leaves of wild-type and sex4 plants were harvested at the end of the day and divided into two fractions. The first
fraction comprised the eight youngest visible leaves pooled from two individual plants (young), and the second fraction contained the rest of the leaves
from one plant (old). Starch (black bars; left scale) and phospho-oligosaccharide (gray bars; right scale) contents were measured. Values are means *+

SE; n = 5 biological replicates.

cDNA in sex4 plants led to a partial complementation of the
starch excess phenotype. The starch content at the end of the
night decreased in both lines, by 84% = 3% and 65% = 2%
(mean * Sg; n = 5) compared with sex4 plants (Figure 4).
Phospho-oligosaccharides were reduced by 92% = 2% and
67% * 4% (mean = SE; n = 5) at the end of the day and 81% =+
4% and 47% = 13% (mean = SE; n = 5) at the end of the night in
these lines compared with sex4 but showed the same trend in
terms of increasing at night and decreasing during the day
(Figure 4). The transformed line with the lower starch content also
had the lower phospho-oligosaccharide content. Taken to-
gether, these data indicate that when SEX4 is absent, phospho-
oligosaccharides are produced during starch breakdown at night
and that they accumulate progressively as the leaves age.

SEX4 Stimulates Starch Granule Degradation In Vitro

Edner et al. (2007) showed that hydrolysis of the granule surface
in vitro by p-amylase 3 (BAM3) and isoamylase 3 (ISA3) is
enhanced upon simultaneous starch phosphorylation by GWD.
We investigated whether the addition of the SEX4 phosphoglu-
can phosphatase to this system could further enhance granule
hydrolysis in vitro. As reported previously, the total amount of
glucan released from granules (including both phosphorylated
and unphosphorylated glucans) increased twofold upon addition
of GWD and ATP to a mixture containing phosphate-free starch
granules, ISA3 and BAMS3. Addition of SEX4 protein to this
mixture further doubled the rate of glucan release from the
granule surface by BAM3 and ISA3 (Figure 5). Addition of SEX4
protein had no effect in the absence of GWD, indicating that it is
the phosphoglucan phosphatase activity of SEX4 rather than the
SEX4 protein itself that results in increased granule degradation.
We investigated whether the action of the hydrolytic enzymes
affected the ability of SEX4 to remove the 33P added by recom-
binant GWD. Pretreatment of the labeled granules with BAM3
enhanced subsequent phosphate release from granules by SEX4

by more than fourfold (32.6 + 1.1 compared with 6.9 = 0.2 nmol
mg~' protein min—'; mean = SE, n = 3). These data indicate that
in vivo glucan phosphorylation, hydrolysis, and dephosphoryla-
tion may be synergistic processes.

Mutation of ISA3 or AMY3 Enhances the Starch Excess
Phenotype of sex4 and Decreases the Accumulation
of Phospho-Oligosaccharides

The accumulation of phospho-oligosaccharides in the sex4
mutant shows that some glucan hydrolases can release glucans
without the action of SEX4. In principal, two classes of enzymes
are capable of releasing such phospho-oligosaccharides (i.e.,
debranching enzymes and endoamylases). The debranching
enzyme ISA3 was shown to be capable of releasing phospho-
oligosaccharides from starch granules in vitro (Edner et al.,
2007). To determine whether the phospho-oligosaccharides in
sex4 are produced by ISA3-mediated debranching, we selected
the sex4 isa3 double mutant. It contained significantly more
starch than either of the single mutants (Figure 6), indicating that
ISA3 contributes to starch degradation in the sex4 background.
Furthermore, the phospho-oligosaccharide content was 63% =+
5% and 67% * 5% lower (end of day and end of night,
respectively; mean =+ SE, n = 5) in the sex4 isa3 double mutant
than in sex4 (Figure 6), although the distribution of chain lengths
was unchanged (Figure 7). The isa3 single mutant did not contain
detectable amounts of phospho-oligosaccharides. These data
are consistent with the idea that ISA3 liberates some, but not all,
of the phospho-oligosaccharides present in sex4 plants.

The only endoamylase shown to localize to chloroplasts in
Arabidopsis is a-amylase 3 (AMY3) (Yu et al., 2005). To discover
whether AMY3, like ISAS, is involved in the production of
phospho-oligosaccharides in sex4, we selected the sex4 amy3
double mutant. Loss of both SEX4 and AMY3 proteins resulted in
a significantly higher starch content than in the sex4 mutant
(Figure 6). The total amount of phospho-oligosaccharides was
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Figure 4. Expression of the SEX4 cDNA Partially Complements the sex4
Phenotype.

Phospho-oligosaccharides and starch contents at the end of the day
(gray bars) and the end of the night (black bars) were determined in wild-
type and sex4 plants as well as in two independent sex4 lines expressing
the SEX4 cDNA under control of the cauliflower mosaic virus 35S
promoter (sex4:SEX4_2.2.7, sex4:SEX4_2.4.1). Values represent the
mean * SE of at least five biological replicates.

67% = 4% and 66% = 4% lower (end of day and end of night,
respectively; mean = SE, n = 5) in sex4 amy3 than in sex4 plants
(Figure 6). Additionally, more long phospho-oligosaccharides
(DP 15 to 25) were detected in sex4 amy3 plants than in sex4
plants at both the end of the night (Figure 7) and the end of the
day. These data suggest that AMY3 contributes to starch break-
down and the release of phospho-oligosaccharides in the sex4
mutant background. However, starch levels were the same in the
amy3 single mutant and in wild-type plants (as observed previ-
ously) (Yu et al., 2005), and no phospho-oligosaccharides were
detectable in this mutant (Figure 6).

To determine conclusively whether the phospho-oligosaccha-
rides in the sex4 mutant are derived from phosphorylated starch,
we analyzed two additional double mutants. First, we crossed
sex4 to pgm, a line lacking chloroplastic phosphoglucomutase
and consequently deficient in starch synthesis (Caspar et al.,
1985). Like pgm, the sex4 pgm double mutant also contained
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<1% of the starch of wild-type leaves, and phospho-oligosac-
charides were not detectable (Figure 6). Second, we analyzed
the sex4 gwd double mutant, which, as expected, contained very
high levels of starch but no detectable phospho-oligosaccha-
rides (Figure 6).

DISCUSSION

Taken together, our data provide compelling evidence that SEX4
is a phosphoglucan phosphatase that is required during starch
degradation. We show that recombinant SEX4 releases phos-
phate directly from a physiological substrate —the granule sur-
face that has been phosphorylated by GWD (Figure 1). Moreover,
the markedly lower phosphate release by crude extracts of sex4
leaves compared with wild-type extracts demonstrates that
SEX4 represents the major granule phosphatase activity in
leaves. The accumulation of phospho-oligosaccharides and
the high levels of total glucan-bound phosphate in sex4 mutants
show that SEX4 is a phosphoglucan phosphatase in vivo. Our
genetic and biochemical experiments show that the phospho-
oligosaccharides are starch degradation products. First, phospho-
oligosaccharides do not accumulate in sex4 pgm double mutants
(Figure 6), showing that starch production is a prerequisite for the
phospho-oligosaccharide accumulation. Second, the sex4 gwd
double mutant also lacks phospho-oligosaccharides (Figure 6),
indicating that GWD is required for generating the phospho-
glucans from which the phospho-oligosaccharides are derived.
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Figure 5. Hydrolytic Glucan Release Is Stimulated upon Simultaneous
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Phosphate-free starch granules from GWD-deficient sex7-3 mutants
were incubated with recombinant enzymes in the presence of 1 mM ATP.
Glucan release into the supernatant was determined after acid hydrol-
ysis. Since the absolute values varied significantly between individual
experiments, glucan release was normalized to the maximum glucan
release. Values are means = SE; n = 3 independent experiments, each
with triplicate measurements.
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Figure 6. Mutation of AMY3, ISA3, PGM, or GWD Alters the Phenotype of sex4 Plants.

Phospho-oligosaccharide and starch contents of 4-week-old plants (wild type and indicated mutants) were determined at the end of the day (gray bars)
and the end of the night (black bars). Values are means = SE; n = 5 individual plants.

Third, analysis during the diurnal cycle shows that the phospho-
oligosaccharide content of sex4 leaves increases during starch
breakdown at night and decreases during the day (Figure
3A). Fourth, the phospho-oligosaccharides accumulate in sex4
plants as the leaves age (Figure 3B), correlating with the devel-
opment of the starch-excess phenotype (Zeeman and ap Rees,
1999).

Given the reduced rate of starch breakdown in sex4 leaves, we
propose that the failure to remove the phosphates from the
granule surface and/or from phospho-oligosaccharides inhibits
the actions of starch-degrading enzymes. For example, exo-
acting B-amylases cannot pass phosphate residues and stop
one or two residues before a phosphate group (Takeda and
Hizukuri, 1981). Indeed, our results show that B-amylase cannot
release detectable amounts of maltose from phospho-oligosac-
charides in sex4 extracts (see Supplemental Figure 2 online),
suggesting that at least one phosphate group is esterified to a
glucosyl residue near the nonreducing end of the chains. How-
ever, after dephosphorylation of the phospho-oligosaccharides
in vitro, B-amylase was able to completely convert the resulting
glucans to maltose and maltotriose (see Supplemental Figure 2
online), showing that they were linear (3-amylase cannot hydro-
lyze or act close to a-1,6 branch points).

The phospho-oligosaccharides in sex4 are released from the
granule surface at night via debranching (i.e., by ISA3) and
endoamylolysis (i.e., by AMY3) (Figure 6). This is indicated by the
reduction in the amount of phospho-oligosaccharides when
either ISA3 or AMY3 are absent in addition to SEX4. Moreover,
the observation that higher amounts of long phospho-oligosac-

charides (DP 15 to 25) are present in sex4 amy3 than in sex4
plants (Figure 7) indicates that these long chains can serve as
substrates for AMY3 in the sex4 single mutant. In addition to
releasing phospho-oligosaccharides from the granule surface,
AMY3 may therefore also have a function in the shortening of
longer linear phospho-oligosaccharides in the stroma.

During the day, the phospho-oligosaccharide content of sex4
leaves decreases by 30% (Figure 3A). This is unlikely to be due to
the action of glucan degrading enzymes, as there is no shift of the
chain length distribution toward shorter chains. Some phospho-
oligosaccharides could be incorporated into the granule during
starch biosynthesis in the light. For example, malto-oligosac-
charides have been implicated in the priming of amylose syn-
thesis (Denyer et al., 1996, 1999; Zeeman et al., 2002a), and it is
worth noting that sex4 starch has a high amylose content.
Alternatively, other glucan phosphatases could dephosphorylate
phospho-oligosaccharides to some extent, thereby making them
accessible for exo-amylolytic degradation. The Arabidopsis ge-
nome contains two other genes encoding proteins with a phos-
phatase domain similar to SEX4 (At3g01510 and At3g10940,
having 33 and 45% amino acid identity with the SEX4 phospha-
tase domain, respectively). The protein encoded by At3g01510is
a particularly good candidate for a second glucan phosphatase.
In addition to the phosphatase domain, it has a predicted
chloroplast transit peptide and a carbohydrate binding module
similar to that of SEX4 (35% amino acid identity). Mutation of this
gene also results in elevated amounts of leaf starch, which is
additive to the phenotype caused by loss of SEX4 (S. Comparot-
Moss, O. Kétting, S.C. Zeeman, and A.M. Smith, unpublished
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Figure 7. Phospho-Oligosaccharide Pattern in sex4 Plants Is Altered
upon Loss of AMY3 or ISA3 Expression.

Representative HPAEC-PAD chromatograms (n = 5 individual plants) of
phosphatase-treated extracts from wild-type, sex4, amy3, isa3, and the
respective double mutant plants harvested at the end of the night.
Numbers above the panel indicate the DP of the detected (phospho-)
glucans. The panel on the right represents a zoom into the region of late-
eluting glucans.

data). The third putative phosphatase, At3g10940, does not
possess a predicted chloroplast transit peptide or a carbohy-
drate binding module, and mutation of this gene does not result
in altered starch levels (D. Santelia and S.C. Zeeman, unpub-
lished data). Since there are two dikinases in Arabidopsis that
exhibit specificity for the C6 or the C3 positions of glucosyl units
in amylopectin (Ritte et al., 2006), it is tempting to speculate that
the two plastidial phosphatases also have different substrate
specificities. SEX4 might preferentially release phosphate ester-
ified to the C6 position, whereas C3-bound phosphate could be
preferentially released by the other related phosphatase. How-
ever, additional research will be required to evaluate this hy-
pothesis.

Our work demonstrates unambigously the phosphoglucan
phosphatase activity of SEX4 (Figure 1) but does not definitively
discriminate between the starch granule surface and phospho-
oligosaccharides as the actual substrate of SEX4 in vivo. Al-
though phospho-oligosaccharides accumulate in the absence of
SEX4 (Figures 2 and 3), this does not necessarily mean that they
are the actual substrate, as they might be released from the
granule surface in significant amounts only when the surface
itself is not efficiently dephosphorylated. Our in vitro studies with
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recombinant enzymes provide support for the idea that the
granule is in fact the true substrate. First, recombinant SEX4
promotes the degradation of starch granules by ISA3 and BAM3
when incubated together with GWD (and ATP) but not in the
absence of GWD. The simplest explanation for this enhancing
effect is that SEX4 dephosphorylates the granule surface and
thereby allows it to be further hydrolyzed by BAM3 and ISAS. If
SEX4 were only dephosphorylating phospho-oligosaccharides
that had already been released into solution, no increase in
released glucan would have been measured in our experiments.
However, it is also possible that released phosphoglucans act as
specific inhibitors of the hydrolases BAM3 and ISA3. Second,
there is evidence for synergistic action between the enzymes of
starch degradation and enzymes that phosphorylate glucans.
Edner et al. (2007) showed that granule phosphorylation by GWD
stimulates the activity of BAM1 and BAM3 on the starch granule
and that pretreatment of the granules with BAM enhances the
activity of GWD. Similarly, pretreatment of phosphorylated gran-
ules with BAM enhances the phosphatase activity of SEX4. This
mutual enhancement suggests that cooperative activity may be
central to the solubilisation and degradation of semicrystalline
amylopectin.

Our model for the possible interplay between SEX4, GWD,
B-amylase, and isoamylase is depicted in Figure 8 and builds
upon previously published concepts (Edner et al., 2007; Zeeman
et al., 2007). Phosphorylation by GWD and PWD could result in
uncoiling of the double helices, allowing BAM to degrade the
exposed chains (Figure 8). Indeed, a recent study provides direct
evidence that PWD-catalyzed C3 phosphorylation disturbs the
structure of amylopectin double helices (Hansen et al., 2008).
However, since BAM can pass neither «-1,6 branches nor
phosphate groups, maltose release will be limited (Takeda and
Hizukuri, 1981; Edner et al., 2007). Removal of the phosphate
group by SEX4 or branch points by ISA3 would enable BAM to
further degrade the glucan chains. As a result of the starch
degradation by BAM and ISA3, more glucan chains will be
accessible for phosphorylation by GWD and PWD. It is plausible
that such a cycle of phosphorylation, degradation, and dephos-
phorylation could occur during the degradation of the successive
semicrystalline lamellae formed by the clusters of amylopectin.
Our view of the situation in sex4 mutants is also depicted in the
model (Figure 8). Loss of SEX4 reduces the release of ortho-
phosphate from the granule surface, thus hindering maltose
release by B-amylase. Indeed, nighttime maltose levels are lower
in sex4 than in wild-type plants (Messerli et al., 2007). ISA3 and
AMY3 now release both nonphosphorylated and phospho-
oligosaccharides, and the latter accumulate in the chloroplast
stroma. We emphasize that, in addition to SEX4, other phos-
phatases may be involved and we cannot exclude the possibility
that SEX4 also acts on soluble phospho-oligosaccharides.

Other organisms have proteins with phosphatase domains
with sequence similarity to SEX4 (i.e., laforin in vertebrates)
(Gentry et al., 2007) and the capacity for glucan dephosphoryla-
tion in vitro (Worby et al., 2006). Recent reports have suggested
that laforin is involved in glycogen dephosphorylation in mice
(Tagliabracci et al., 2007) and, based on the apparent ability of
the human laforin to rescue the high starch phenotype of sex4,
that laforin and SEX4 may be functionally equivalent (Gentry



342 The Plant Cell

WT + sex4

Granule surface

Stroma

==

e ATP
PWD <

|

Granu.re surface Stroma Granule surface Stroma
B D
@ Maltose and @ Maltose
Phosphate
) / (e 1] B \ 7
TI - :I . : N
o' .L —
— — =
:—g
___:, Cc E
Malto- Malt d Phosph
ohgosacchandes ato-.an A3PIOS
:l @ ’ oligosaccharides
> = -\ __—3
:\/ N~ :\d - o .
g \ | — w N
P— —
™~ — \/$
— — S

Figure 8. Proposed Model of the Initial Events at the Granule Surface during Starch Breakdown.

At night, starch is phosphorylated at the granule surface by GWD and PWD in both wild-type and sex4 plants (A), leading to partial unwinding of
amylopectin double helices. In the wild type, BAM3 and SEX4 can subsequently release maltose and phosphate, respectively (B), while ISA3 hydrolyzes
branch points and releases malto-oligosaccharides (C). In sex4 mutants, phosphate is not removed by SEX4, leading to reduced maltose release by
BAMS (D). The following actions of ISA3 and AMY3 release malto- and phospho-oligosaccharides. After degradation of one semicrystalline lamella, a
new cycle can start again with the phosphorylation of the granule surface by GWD and PWD (A).

et al., 2007). Unlike amylopectin, glycogen is generally regarded
as soluble. Thus, it is not clear whether glucan phosphorylation
would be required to disrupt secondary structures as is pro-
posed for starch. However, it is possible that phosphorylation
may help to resolubilize insoluble structures that form and that
cannot be remobilized by the glycogen degrading enzymes.
Laforin would thus play an anologous role to that of SEX4 in

amylopectin metabolism. This hypothesis is supported by the
fact that highly phosphorylated, insoluble LBs accumulate in
vertebrates if the glucan phosphatase laforin is missing and the
recent proposition that laforin functions to suppress excessive
glycogen phosphorylation (Tagliabracci et al., 2008). As yet, it is
unclear which protein is responsible for glycogen phosphoryla-
tion in animals, as GWD and PWD are plant specific.



METHODS

Plants and Growth Conditions

Plants for metabolite measurements were grown in a controlled environ-
ment chamber (AR-95L; Percival Scientific) in a 12-h/12-h light/dark regime
with a constant temperature of 20°C, 60% relative humidity, and a uniform
illumination of 150 wmol photons m~2 s~1. Plants used for the preparation
of leaf starch granules were grown in a greenhouse (20°C/16°C day/night)
with additional 12-h illumination during the day. Arabidopsis thaliana
(ecotype Columbia) was used as the wild-type reference. All mutants
used here were created in this background. The following Arabidopsis
T-DNA insertion mutants were used in this study: sex4-3 (Salk_102567)
(Niittyla et al., 2006), amy3-2 (SAIL_613 D12) (Yu et al., 2005), isa3-2
(GABI_280G10) (Delatte et al., 2006), and sex7-8 (= gwd; Salk_077211)
(Ritte et al., 2006). The pgm-1 (Caspar et al., 1985; Periappuram et al.,
2000), sex4-2 (Niittyla et al., 2006), and sex7-3 (Yu et al., 2001) mutants were
previously identified in phenotypic screens of populations of ethyl methane
sulfonate and x-ray—mutagenized Arabidopsis seeds.

Production and Selection of Multiple-Mutant Lines

Double mutants were obtained by crossing and selecting homozygous
plants of the required genotypes from the segregating F2 populations
using PCR- and cleaved-amplified polymorphic sequence-based geno-
typing. To control for the presence of unlinked secondary mutations that
might affect the mutant phenotypes, we routinely confirmed that the
offspring of different isolates of each genotype were phenotypically
similar in terms of growth rate, starch content, and phospho-oligosac-
charide content. The insertion sites of the T-DNAs from the Salk collection
were characterized using the T-DNA-specific primer 5'-GCGTGGAC-
CGCTTGCTGCAACT-3' in combination with the appropriate gene-
specific primers as follows: SEX4-specific primers, 5'-AAGCTGATGCG-
TAATGAATCG-3' and 5-CACTAGTAAAACATGATTAACATGTTGG-3';
and GWD-specific primers, 5'-TCCGGTATGACAAGTCGAATC-3’ and
5'-GTCAGTCTATCCTGCGCTTTG-3'. The insertion site of the T-DNA
from the Syngenta SAIL collection (Torrey Mesa Research Institute,
San Diego, CA) was characterized using the T-DNA-specific primer
5'-GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC-3' in combination
with the appropriate gene-specific primers as follows: AMY3-specific
primers, 5'-CCGACCTTGTGAAATTTCTTCACTG-3' and 5'-GGTTCCTC-
TTGTAGACGATGTTCC-3'. The insertion site of the T-DNA from the
GABI_Kat collection (Rosso et al., 2003) was characterized using
the T-DNA-specific primer 5'-ATATTGACCATCATACTCATTGC-3' in
combination with the appropriate gene-specific primers as follows:
ISA3-specific primers, 5'-ACTGGAGAAGGATTGAAGAGAATG-3' and
5'-GATCTTCCGATCTTTACCAGGTTA-3'. The mutation in sex4-2 was
identified by amplifying a 239-bp fragment with the SEX4-specific primers
5'-TGAGACTGTTCACGAGCACATGC-3' and 5'-GTAACATACCGCAA-
CAGCAGGGGCC-3'. The wild-type amplicon is susceptible to digestion
with Apal, whereas the sex4-2 fragment is not. The mutation in pgm-1 was
identified by amplifying a 1538-bp fragment with the PGM-specific
primers 5'-AGGCTTCCGAGCAACTCAATATC-3' and 5'-CTGACCAC-
TGCTGTAATTGAAC-3'. The pgm-1 amplicon is susceptible to digestion
with BspCNI, whereas the wild-type fragment is not. The sex4 pgm
double mutant was created by crossing sex4-2 and pgm-1 plants, and all
other double mutants were created using the sex4-3 line. The sex4 single
mutant analyses of starch and phospho-oligosaccharide contents were
done using both the sex4-3 and sex4-2 lines and yielded identical results;
however, only sex4-3 analyses are shown here.

Recombinant Proteins

The Arabidopsis SEX4 protein and the active-site mutant version (SEX4
C/S), both lacking the first 52 amino acids (the first 54 amino acids
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comprise the chloroplast transit peptide), were produced as described
previously (Gentry et al., 2007). Production of recombinant potato (So-
lanum tuberosum) GWD and ISA3 and Arabidopsis BAM3 was as de-
scribed previously (Ritte et al., 2000, 2002; Hussain et al., 2003; Edner
et al., 2007).

Preparation of Leaf Starch Granules

Whole rosettes of 4- to 5-week-old plants from the greenhouse were
harvested after 10 h of illumination. Harvested plants were immediately
frozen in liquid nitrogen and stored at —80°C. The subsequent prepara-
tion of leaf starch granules was performed as described previously
(Koétting et al., 2005).

Extraction and Measurement of Starch and Phospho-
Oligosaccharides

For starch and phospho-oligosaccharide analyses, whole rosettes of
4- to 5-week-old plants were harvested at the times indicated and
immediately frozen in liquid nitrogen. Samples were homogenized using
an all-glass homogenizer in 1 M perchloric acid. Soluble and insoluble
fractions were separated by centrifugation (3000g, 15 min, 4°C). Insoluble
material, including starch, was resuspended once in water to remove
residual soluble glucans, at least three times in 80% (v/v) ethanol (20°C),
and finally resuspended in water and stored at —20°C. Starch measure-
ment was performed as described (Smith and Zeeman, 2006). The
soluble fraction, including phospho-oligosaccharides, was adjusted to
pH 5.0 by adding 2 M KOH, 0.4 M MES, and 0.4 M KCI. Precipitated
potassium perchlorate was removed by centrifugation (20,000g, 15 min,
4°C), and extracts were stored at —20°C.

Phospho-oligosaccharide samples for HPAEC-PAD analysis were
treated as follows: first, an aliquot of the neutralized soluble fraction
corresponding to 3 mg fresh weight was incubated in 0.1 mL 1 Antarctic
Phosphatase buffer (New England Biolabs) with or without (mock) 15 units
of Antarctic Phosphatase (New England Biolabs) for 2 h at 37°C. Glucose
6-phosphate standards treated with Antarctic Phosphatase under the
same conditions were 95% dephosphorylated as revealed by enzymatic
determination of glucose and glucose-6-phosphate of the products as
described (Smith and Zeeman, 2006). Subsequently, the samples were
purified by ion exchange on sequential columns of Dowex 50W and
Dowex 1 (Sigma-Aldrich) with a 2-mL bed volume each as follows: sample
volume was made to 0.5 mL with water, applied to the column, the neutral
compounds were eluted with 5 mL water, lyophilized, and redissolved in
0.1 mL of water. Afterwards, phosphatase- and mock-treated samples
were separated by HPAEC-PAD on a CarboPac PA20 column (Dionex)
according to the following conditions: injection volume, 10 uL; flow rate,
0.5 mL min~7; eluent A, 100 mM NaOH; eluent B, 100 mM NaOH and 50
mM sodium acetate; eluent C, 150 mM NaOH and 500 mM sodium
acetate. The gradient was as follows: 0 to 3 min, 50% A and 50% B; 3 to
20 min, a concave gradient to 50% A, 10% B, and 40% C (malto-
oligosaccharide elution); 20 to 29.5 min, convex gradient to 10% B and
90% C (column wash step); 36 to 36.5 min, step to 50% A and 50% B;
36.5 to 40 min, 50% A and 50% B (column reequilibration). Peaks with a
DP of 1 to 7 were identified by comparison with external malto-oligosac-
charide standards and quantified with Chromeleon software (Dionex).
The peaks with DP 8 to 20 were quantified by extrapolation ofthe DP 1to 7
standards and therefore represent an estimation. The phospho-oligo-
saccharide content given is the sum of the chains with DP 4 to 20.

Determination of Starch-Bound Phosphate

For the analysis of starch-bound phosphate, 5 mg of starch granules were
solubilized in 100 pL 1 M HCl for 2 h at 95°C. After neutralization with 100
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rL 1 M NaOH, 50 pL solubilized starch were incubated with 15 units of
Antarctic Phosphatase (New England Biolabs) in 1 Antarctic Phospha-
tase reaction buffer from the supplier for 2 h at 37°C. Orthophosphate was
determined with malachite green as described (Werner et al., 2005). Since
only 95% of the phosphate esters are hydrolyzed under the conditions
used (see above), we corrected the determined orthophosphate values to
100%.

Release of 33P from Prelabeled Starch Granules

Purified starch granules from the GWD-deficient Arabidopsis mutants
sex1-3 (Yu et al., 2001) or gwd (= sex7-8) (Ritte et al., 2006) were
phosphorylated in vitro with recombinant potato GWD (Ritte et al., 2002)
and [B-33P]ATP as phosphate donor as described (Edner et al., 2007).
Phosphate incorporation into starch by GWD was 17.3 umol P mol~' Glc
equivalents (i.e., 1 phosphate per 58,000 glucosyl residues), which is
much lower than the level of phosphate in wild-type Arabidopsis starch
(~1in 2000 glucosyl residues) (Yu et al., 2001).

For the preparation of crude extracts, whole rosettes of 4- to 5-week-
old Arabidopsis wild-type and sex4-3 mutant plants were harvested at the
end of the light period, snap-frozen in liquid nitrogen, and stored at —80°C
until extraction. Three grams of leaf material was extracted in 6 mL ice-
cold extraction medium (50 mM Tris-HCI, pH 7.8, 1 mM EDTA, 2 mM DTT,
2 mM benzamidine, 2 mM g-aminocaproic acid, and 0.5 mM phenyl-
methylsulfonylfluoride) with mortar and pestle. The homogenate was
centrifuged (4°C, 15 min, 20,000g), and the supernatant was desalted
with PD-10 columns (GE Healthcare) into extraction medium, snap-frozen
in liquid nitrogen, and stored at —80°C until use. Release of 33P from
prelabeled granules by plant extracts was determined as follows: 0.5 mg
of 33P-labeled starch (equivalent to ~0.15 wCi) was incubated with the
desalted extracts (equivalent to 20 g total protein) in reaction medium
(50 mM HEPES-KOH, pH 7.5, 5 mM MgCl,, 5 mM CaCl,, 1 mg mL~" BSA,
and 2 mM DTT) in a final volume of 90 pL for 25 min at 25°C. Phosphate
release over time was linear under these conditions. The reaction was
stopped by the addition of 10% (w/v) agueous SDS to a final concentra-
tion of 2.5%. After centrifugation (5 min, 16,000g), release of 3P was
determined by subjecting an aliquot of the supernatant to scintillation
counting.

Release of 33P from prelabeled granules by recombinant SEX4 protein
was determined as follows: recombinant SEX4 or the active-site mutant
protein SEX4 C/S (0.5 wg mL~1 each) was incubated in dephosphoryla-
tion medium (0.1 M sodium acetate, 50 mM bis-Tris, 50 mM Tris-HCI, pH
6.0, 2 mM DTT, and 1 mg mL~" BSA) containing different concentrations
of prelabeled starch granules (2 to 8 mg mL~") in a volume of 0.9 mL at 24
to 26°C on a rotating wheel. Reactions were stopped after 1 to 20 min by
mixing a 150-pL aliquot with 50 pL of 10% SDS. After centrifugation (5
min, 16,000g), release of 33P was determined by subjecting an aliquot of
the supernatant to scintillation counting.

Isolation, Enrichment, and MS Analysis of Phospho-
Oligosaccharides

Whole rosettes of 4-week-old sex4 plants were harvested at the end of
the night, frozen in liquid nitrogen, and homogenized with a mortar and
pestle. Extraction was performed twice in boiling 80% (v/v) ethanol (2 X 3
mL, 80°C, 15 min). The supernatants were combined, adjusted to 6 mL
with ethanol, and mixed with 2 mL trichloromethane. Water was added
(3.5 mL), whirlmixed for 10 s, and centrifuged (3000g, 10 min). The upper
water phase was transferred to a new tube and dried in a vacuum
concentrator. Dried material was redissolved in 1 mL of water. Enrich-
ment of phospho-oligosaccharides on prepacked nonporous graphitized
carbon black columns (Carbograph SPE; Alltech) was essentially as
described (Hejazi et al., 2008); however, sample volume was 0.9 mL. MS

analysis of the enriched phospho-oligosaccharides was as described
(Hejazi et al., 2008).

Glucan Release from Starch Granules

Phosphate-free starch granules from the Arabidopsis sex1-3 mutant (2.5
mg) were incubated with different recombinant enzymes (60 min, 25°C,
shaking) in reaction medium (50 MM HEPES-KOH, pH 7.5, 5 mM CaCl,, 5
mM MgCl,, 1 mg mL~" BSA, 1 mM ATP, and 2 mM DTT; final volume: 120
rL). Recombinant enzymes were used at the following concentrations:
ISA3, 8.3 ug mL~'; GWD, BAM3, and SEX4, 16.6 ug mL~". Incubation
was stopped by heating (5 min, 95°C) of the supernatant after centrifu-
gation (1 min, 16,000g). Following acid hydrolysis (final concentration: 1 M
HCI, 2 h, 100°C) and neutralization of the supernatant, glucan release was
determined as glucose, as described (Kotting et al., 2005).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: SEX4,
At3g52180; GWD, At1g10760; BAM3, At4g17090; ISA3, At4g09020;
AMY3, At1g69830; and PGM, At5g51820.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Recombinant SEX4 Protein Can Act on
Phospho-Oligosaccharides.

Supplemental Figure 2. Phospho-Oligosaccharides in sex4 Are
Resistant to B-Amylase Treatment.
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